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Abstract 
Zirconium  nitride (ZrN)  thin films deposited on silicon substrates by PVD reactive sputtering at different substrate temperatures were 
studied by positron annihilation spectroscopy. The performance of such hard coatings is controlled by their microstructure in which open 
volume defects play a large role. The results show lower concentration of vacancies as the deposition temperature is increased,  very short 
positron  diffusion lengths in all samples indicate the existence of high density of grain boundaries which means  small  grain sizes . The 
optimum deposition temperature was observed to be between 300 °C  and 400 °C. The study shows the importance of the positron 
spectroscopy as a motoring tool for the development of ZrN films. 
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1. Introduction 
     There is growing interest in zirconium nitride (ZrN) thin films because of their excellent physical properties, such as 
corrosion and wear resistance, hardness, low resistivity and their golden colour which makes them commercially valuable.  
The importance of the microstructure studies comes from its influence on these properties. As these films are often 
produced by physical vapour deposition (PVD) techniques, they usually contain different types of imperfections,  such  as 
open volume defects, dislocations and grain boundaries depending on deposition conditions [1-3]. One of the parameters 
affecting the open defect concentration in ZrN films is the substrate temperature during deposition, as this temperature 
increases the mobility of atoms arriving to the substrate surface from the vapour phase increases,  so they can move around 
until they rest in a proper site of the coating structure [4,5].  
     Positron annihilation spectroscopy (PAS) is a technique in which a positron is implanted into a condensed matter, it 
annihilates with an electron mainly into two 511 keV gamma rays. The motion of the positron-electron pair prior to 
annihilation causes a Doppler shift in the  annihilation radiation. In a perfect free material such as perfect single crystal all 
positrons annihilate as free particles. However, in a normal material a positron diffusing inside the bulk has a relatively high 
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probability of being localized into an open volume defect, because defect sites, where one or more positively charged atoms 
are missing form an attractive potential for positrons. Since the momentum distribution of electrons in such defects is 
different from that in the bulk, it is possible to detect vacancy type  of defects by measuring changes in the Doppler 
broadening of the annihilation radiation. At least in metals, positrons are sensitive to monovacancies in concentration range  
ͳͲି଺ -  ͳͲିଷ. If the concentration is higher than ͳͲିଷ all positrons are trapped and annihilated in vacancies  (saturation 
trapping) . In this case the corresponding PAS characteristics yield information about features of vacancies themselves 
rather than about the electronic structure of the material. It is also expected that when the concentration of vacancies is less 
than ͳͲି଺ ,  positrons can not detect them. Positrons surviving annihilation and trapping processes inside the sample can 
diffuse back to the entrance surface. The positron diffusion is governed by scattering from acoustic phonons, dislocations 
and grain boundaries. Annihilation of these positrons at the surface is extremely sensitive to the electronic environment at 
the surface. The distance travelled inside the sample is defined as diffusion length. This distance can be estimated by the 
knowledge of lifetime and diffusion coefficient [6,7]. 
2. Experimental 
      Zirconium nitride thin films coated on silicon substrates were produced commercially by reactive sputtering. Four 
samples were produced at substrate temperatures  100 °C , 200 °C, 300 °C and 400 °C , these are named Z100, Z200, Z300 
and Z400 respectively.  The deposition rate was fixed for all and a thickness of 0.05 μm is expected, the deposition 
parameters were organized to obtain a stochiometric structure of ZrN.  The samples were then mounted at different times in 
the sample chamber of TACITUS positron beam at Royal Holloway, University of London, in which a ܰܽଶଶ  source placed 
behind a well annealed tungsten mesh moderator produces slow positrons which are magnetically guided to the target 
chamber containing an electrostatic lens to focus and accelerate the positrons.  By varying the energy of the positrons, it is 
possible to control their implantation depths in the sample. Annihilation gamma rays from the target sample were recorded.  
A number of 43 spectra for positron energy ranging from 0 to 25 keV were recorded for half-hour duration for each sample. 
Another set of readings was also recorded for the back of the sample Z100 in order to study the silicon substrate.  
 
3.  Positron Annihilation Spectroscopy 
     Each spectrum was analysed for the Doppler broadening S parameter which is sensitive to the material composition and 
vacancy type defects, it is defined as the counts in a central region of the annihilation peak divided by the total counts in the 
peak. The relation between the S parameter and the energy E was analysed using the program VEPFIT  which solves the 
diffusion equation to obtain the fraction of positrons annihilating in each defined state. The one dimensional diffusion 
equation is expressed by [8] :  
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Where n(z) is the probability density of positrons at a distance z from the surface,  the drift velocity  ௗܸ ൌ  ߤାߝሺݖሻ  with  ߤା 
is the positron mobility and ߝሺݖሻ is the electric field strength.  ߣ௕ is the annihilation rate and ݇ሺݖሻ is the trapping rate. ܦା is 
the diffusion coefficient, it is related to the thermal diffusion length by :     ܮା ൌ ൬ ஽శఒ೐೑೑൰
ଵ ଶൗ
       where ߣ௘௙௙    is    the   
effective  annihilation  rate.      P(z,E) is the implantation profile of positrons and   it is usually taken as Makhovian 
distribution :        
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   , Г is the gamma function and ݉is known as shape parameter equal to 2.0 . The mean depth  ҧܼ of positrons 
in (Å) is related to the positron incident energy by     ҧܼ ൌ ஺ఘ ܧ௡ w here  E is the positron energy in keV and   ߩ is the 
material’s density, values of  7.09  ݃Ȁܿ݉ଷ and 2.33  ݃Ȁܿ݉ଷ were used for ZrN and Si.  The parameters A and  n   were 
taken as  3.67 ߤ݃݉ܿ݉ିଶ݇݁ݒି௡ and 1.55 respectively.  
Obtained fractions of positrons at each energy  were then fitted  to  the corresponding experimental S parameter as:  
 
                   ܵሺܧሻ ൌ  ܵ௘௣௜ܨ௘௣௜ሺܧሻ ൅ ൣͳ െ ܨ௘௣௜ሺܧሻ൧ൣܵ௦ܨ௦ሺܧሻ ൅ ௙ܵܨ௙ሺܧሻ ൅ ௜ܵܨ௜ሺܧሻ ൅ ܵ௕ܨ௕ሺܧሻ൧                                          (3)           
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Where  ܵ௘௣௜  , ܵ௦ , ௙ܵ  , ௜ܵ  ܵ௕correspond to  ͳͲͲΨ annihilation in epithermal, surface,  film, interface and bulk states and 
F(E)’s  are  respective fractions. 
 
4. Results and Discussion 
    Figure 1  presents the measured S parameters as a function of energy  for the four ZrN samples grown on Si and for the 
silicon substrate, these values were normalized by dividing over the value of bulk S parameter.  The zirconium nitride films 
are clearly represented by the step at low energy region (less than 3 keV).  
 
Fig.1. Normalized S parameter plotted against positron energy for  silicon substrate (ז) , Zirconium nitride  Z100 (○) , Zirconium nitride    Z200 (●), 
Zirconium nitride Z300 (ο) and  Zirconium nitride  Z400  (כ) . The solid lines are results of VEPFIT fittings. 
 
 
    The points above 10 keV are due to annihilations at the silicon substrate. All the curves were analysed by VEPFIT and 
the result of the analysis is represented by the solid lines drawn in each set of experimental data.  The analysis was started 
by the silicon substrate ,  a two state model was used  in order to obtain the diffusion length in the silicon substrate and  used  
in the analysis of other samples.  A value of 155 nm was obtained, this is considered short because the reported values range 
between 220 and 250 nm ( depend on the quality of the wafer).   The  results of ZrN   analysis  are  shown in table 1. 
  
 
    Table 1.   S parameters, thicknesses and diffusion lengths of ZrN samples as obtained from VEPFIT analysis. 
 
Sample                Normalized S Parameter         Thickness (nm)                     Diffusion Length (nm) 
Z100                                    0.9510                          47.40                                             4.8 
Z200                                    0.9248                          50.00                                             2.2 
Z300                                    0.9116                           50.15                                            4.2 
Z400                                    0.9054                           50.15                                            2.9 
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     The S parameters of  ZrN thin films are clearly decreasing with increase in the substrate temperature during  the 
deposition process. This is an evidence  of lowering the concentration of open volume defects as the temperature increases.  
The values of thicknesses obtained are close to the expected thickness ,  diffusion lengths are dramatically short.  It is 
possible to determine a steady state S parameter for each coating which can be used to assess the effects of  the substrate 
temperature. The relationship is shown in  Figure 2.  
                                             
Fig. 2. Fitted S parameter plotted versus substrate temperature. 
 
   The steepness of the line joining the very low S parameter points in figure.1 indicates very short diffusion lengths 
equivalent to the obtained values in table.1 . . Such diffusion lengths indicate characteristics of amorphous materials or  
materials with saturation trapping.  However, the clear systematic change of the S parameter with substrate temperature 
(Figure 2)  represents open volume vacancy concentration variation, thus confirming  it is not a saturation trapping  case. 
From the knowledge of the crystalline structure of the samples, the shortness of the positron diffusion length  must be 
attributed to the existence of dislocation loops or high density of grain boundaries. The lowest concentration of vacancies is 
in the range between 300 °C  and 400 °C  .  It is possible to relate the results obtained with the studies of Larijani et al. [9], 
Chung-Pu Liv et al. [10] and Yu-chih Chiel et al. [11] in their measured texture coefficient for different samples of ZrN 
deposited at different substrate temperatures, where they reported an increase in the coefficient with increasing substrate 
temperature as lattice spacings are  dominated by residual stress , lattice distortion and lattice vacancies. 
5. Conclusion 
        The concentration of open volume defects in ZrN thin films as a function of deposition temperature was examined, the 
results show a decrease in defect population with increasing substrate temperature from 100 °C  to 400 °C  and the optimum 
value for lowest defects is in the range 300 to 400. The obtained positron diffusion lengths are very short but combined with 
the fact that saturation is not observed implies the existence of dislocation loops or high density of grain boundaries. 
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